To investigate the role of insulin receptor substrate (IRS)-2 in vivo, we generated IRS-2-deficient mice by gene targeting. Although homozygous IRS-2-deficient mice (IRS-2 -/-mice) had a body weight similar to wildtype mice, they progressively developed type 2 diabetes at 10 weeks. IRS-2 -/-mice showed insulin resistance and a defect in the insulin-stimulated signaling pathway in liver but not in skeletal muscle. Despite insulin resistance, the amount of ␤-cells was reduced to 83% of that in wild-type mice, which was in marked contrast to the 85% increase in the amount of ␤-cells in IRS-1-deficient mice (IRS-1 -/-mice) to compensate for insulin resistance. Thus, IRS-2 plays a crucial role in the regulation of ␤-cell mass. On the other hand, insulin secretion by the same number of cells in response to glucose measured ex vivo was significantly increased in IRS-2 -/-mice compared with wild-type mice but was decreased in IRS-1 -/-mice. These results suggest that IRS-1 and IRS-2 may play different roles in the regulation of ␤-cell mass and the function of individual ␤-cells.
Disruption of Insulin Receptor Substrate 2 Causes Type 2 Diabetes Because of Liver Insulin Resistance and Lack of Compensatory
T he pathogenesis of type 2 diabetes involves complex interactions among multiple physiological defects. Transgenic and knockout technology used to create animal models of type 2 diabetes have had a major impact on assessment of the function of newly identified molecules implicated in the regulation of glucose homeostasis in vivo (1) . Insulin receptor substrate (IRS)-1 was originally identified as the major substrate of insulin receptor and IGF-1 receptor tyrosine kinases (2) (3) (4) and represents the prototype of the IRS family proteins (5) (6) (7) . To clarify the physiological roles of IRS-1 in vivo, we (8) and others (9) produced mice with a targeted disruption of the IRS-1 gene locus. Homozygous IRS-1-deficient mice (IRS-1 -/-mice) were born alive but were retarded in embryonal and postnatal growth (8, 9) , indicating that IRS-1 is indispensable for the growth-promoting function of insulin and IGF. They also had resistance to the glucose-lowering effects of insulin and IGF. Nevertheless, IRS-1 -/-mice maintained normal fasting glucose and glucose tolerance by compensatory ␤-cell hyperplasia (8, 10) . These data suggest the existence of both IRS-1-dependent and IRS-1-independent pathways for signal transduction of insulin and IGF (8, 9 ). Kahn's group (Araki et al. [9] and Patti et al. [11] ) identified an alternate substrate in the liver in IRS-1 -/-mice, which they subsequently identified as IRS-2. We also identified a 190-kDa protein (pp190) in the liver of IRS-1 -/-mice, of which tyrosine phosphorylation was robustly stimulated by insulin (12) . Like IRS-1, pp190 was capable of binding both the 85-kDa subunit of phosphatidylinositol (PI) 3-kinase and the Grb2 molecule (12) . Interestingly, the amount of tyrosine phosphorylation of IRS-2 (pp190) in the liver of IRS-1 -/-mice was equivalent to that of IRS-1 in the liver of wild-type mice and appeared to fully compensate for IRS-1 in insulin actions (13) . Insulin-stimulated PI 3-kinase activation was normal in the liver of IRS-1 -/-mice but was defective in the skeletal muscle of IRS-1 -/-mice, presumably because of significantly reduced tyrosine phosphorylation of IRS-2 compared with IRS-1 in wild-type mice (13) . We and others thus suggested that IRS-2 may play an important role in insulin action, particularly in the liver (13, 14) .
To investigate the role of IRS-2 in vivo, we generated IRS-2-deficient mice by gene targeting. The phenotype of these mice was strikingly different from that of IRS-1 -/-mice. Although homozygous IRS-2-deficient mice (IRS-2 -/-mice) were normal in size, they progressively developed type 2 diabetes at 10 weeks. IRS-2 -/-mice were already insulin resistant at 6 weeks, presumably because of insulin resistance in the liver but not in the skeletal muscle. Despite insulin resistance, the amount of ␤-cells was reduced to 83% of that of wild-type mice, which was in marked contrast to the 85% increase in the amount of ␤-cells in IRS-1 -/-mice at 6 weeks. Thus, liver insulin resistance together with a lack of com-N. KUBOTA AND ASSOCIATES pensatory ␤-cell hyperplasia caused type 2 diabetes in IRS-2 -/-mice. These results were qualitatively similar to those previously reported by Withers et al. (15) . However, the degree of hyperglycemia was milder in our IRS-2 -/-mice than their IRS-2 -/-mice. Moreover, we report here that insulin secretion in response to glucose from the same number of cells measured ex vivo was significantly increased in IRS-2 -/-mice but decreased in IRS-1 -/-mice compared with wild-type mice. These results suggest that IRS-1 and IRS-2 may play different roles in the regulation of ␤-cell mass and function of individual ␤-cells.
RESEARCH DESIGN AND METHODS

Construction of the targeting vector.
To construct the targeting vector for disruption of the IRS-2 gene, a Balb/c mouse genomic DNA library, packaged in EMBL3 (Clontech, Palo Alto, CA), was screened using a 400-bp polymerase chain reaction product of mouse IRS-2 as a probe. Three clones containing the IRS-2 gene were isolated. To inactivate the IRS-2 gene, a neomycin-resistant gene (neoR) with a pgk-1 promoter and with no poly (A) + addition signal was inserted into the StuI site. The presence of several stop codons in the pgk-1 promoter was expected to destabilize IRS-2 mRNA. The diphtheria toxin A fragment (DTA) gene under an MC1 promoter was ligated onto the 3Ј end of the homologous region for negative selection against random integration (16) . Embryonic stem cell culture and generation of mutant mice. The strategy for culturing and electroporation of TT2 embryonic stem cells (C57Bl/6 ϫ CBA) and screening of homologous recombinant clones was as described previously (16, 17) . These cells were injected into eight-cell embryos from ICR mice (albino coat color) and transferred into pseudopregnant ICR females to generate chimeric mice. Male chimeras with black coat color were mated with C57Bl/6J female mice to generate heterozygous and homozygous offspring. Thus, knockout animals were maintained on a mixed C57Bl/6 ϫ CBA genetic background. +/-mice intercrosses. All mice were maintained on a 12-h/12-h light/dark cycle. All experiments in this study were performed using male mice, except for the experiments in which female mice were analyzed. RNA preparation and Northern blot analysis. Total RNA was prepared from liver with TRIzol Reagent Total RNA isolation reagent (Gibco, Rockville, MD) according to the manufacturer's instructions. Northern blot analysis was performed according to the standard protocol using 30 µg total RNA. In brief, total RNA from liver was loaded onto a 1.0% agarose gel containing 5.5% formaldehyde in 1ϫ MOPS buffer (0.4 mol/l MOPS, 100 mmol/l sodium acetate, 200 mmol/l EDTA) and was transferred to Hybond-N + (Amersham Pharmacia Biotech, Buckinghamshire, U.K.). After ultraviolet cross-linking, the membrane was hybridized with digoxigenin-11-UTP-labeled probe overnight in a hybridization buffer (Ambion, Austin, TX) at 68°C and washed twice at 15 min in 0.1 ϫ sodium chloride-sodium citrate/0.1% SDS at 68°C before exposing to X-ray film. PI 3-kinase assay in liver and skeletal muscle. PI 3-kinase activities in the liver and skeletal muscles were determined in immunoprecipitates with the indicated antibody after 400 µg insulin per mouse was injected into the posterior vena cava. The liver and skeletal muscles were removed at 70 s and 2 min, respectively, after the injection. PI 3-kinase activity was measured in the immunoprecipitates with antibody against a COOH-terminal peptide of IRS-1 (anti-IRS-1; Upstate Biotechnology, NY), antibody against an NH 2 -terminal portion of IRS-2 (anti-IRS-2; Santa Cruz Technology, Santa Cruz, CA), and antibody against a phosphotyrosine (anti-PY; UBI), and its activity was measured as described (13) . The amounts of PI 3-kinase activity were quantitated with an image analyzer (BAS 2000; Fuji Film, Tokyo) and expressed as the intensity of phospho-stimulated luminescence. Immunoblotting. Tissues were excised and homogenized in ice-cold buffer A (25 mmol/l Tris-HCl, pH 7.4, 10 mmol/l sodium orthovanadate, 10 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA, 10 mmol/l EGTA, and 1 mmol/l phenylmethylsulfonyl fluoride). Samples were separated on 7% polyacrylamide gels and transferred to nitrocellulose. Immunoprecipitation of liver and skeletal muscle proteins was as described previously (13) . In vivo glucose homeostasis Glucose tolerance test. Mice were fasted for >16 h before the study. They were then loaded with 1.5 mg/g body wt glucose by oral administration. Blood samples were taken at different time points from the orbital sinus, and glucose was measured using an automatic blood glucose meter (Glutest Ace; Sanwa Chemical, Nagoya, Japan). Whole blood was collected and centrifuged in heparinized tubes, and the plasma was stored at -20°C. Insulin levels were determined using an insulin radioimmunoassay (RIA) kit (BIOTRAK; Amersham Pharmacia Biotech) with rat insulin as a standard (18) . Insulin tolerance test. Mice were fed freely and then fasted during the study. They were intraperitoneally challenged with 0.75 mU/g body wt human insulin (Novolin R; Novo Nordisk, Denmark). Blood samples were drawn from the vein at different time points (19) . Histological and immunohistochemical analysis of islets. Four male mice at 6 and 12 weeks were used for each genotype, and 20 sections of islets were evaluated for morphometry. The isolated pancreases were immersionfixed in Bouin's solution at 4°C overnight. Tissues were routinely processed for paraffin embedding, and 4-µm sections were cut and mounted on silanized slides. Pancreatic sections were double-stained with anti-insulin and cocktails of anti-glucagon, anti-somatostatin, and anti-pancreatic polypeptide antibodies. Images of pancreatic tissue, islet ␤-cells, and islet non-␤-cells were viewed on the monitor of a computer through a microscope connected to a charged coupling device camera (Olympus, Tokyo), as previously described (10) . The areas of pancreases, ␤-cells, and non-␤-cells were traced manually and analyzed with Win ROOF software (Mitani, Chiba, Japan). The amounts of ␤-cells and non-␤-cells were calculated as the proportions of the area of ␤-cells or non-␤-cells, assessed by immunostaining, to the area of the whole pancreas (10, 20) . More than 50 islets were analyzed per mouse in each group. Islet isolation and ␤-cell preparation. Isolation of islets from IRS-1
-/-mice, and their wild-type litter mates was carried out as described previously (21) . In brief, after clamping the common bile duct at a point close to the duodenum outlet, 2.5 ml Krebs-Ringer bicarbonate buffer (129 mmol/l NaCl, 4.8 mmol/l KCl, 1.2 mmol/l MgSO 4 , 1.2 mmol/l KH 2 PO 4 , 2.5 mmol/l CaCl 2 , 5 mmol/l NaHCO 3 , and 10 mmol/l HEPES at pH 7.4) containing collagenase (Sigma, St. Louis, MO) was injected into the duct. The swollen pancreas was taken out and incubated at 37°C for 3 min. The pancreas was dispersed by pipetting and washed two times with Krebs-Ringer bicarbonate buffer. Islets were collected by manual picking. Single cells were isolated with Trypsin-EDTA (Gibco) as previously described (22) with some modification. Analysis of insulin content and secretion. Isolated islets were extracted in acid ethanol at -20°C, and their insulin content was measured by RIA. Insulin secretion by islets was measured with Krebs-Ringer bicarbonate buffer with a basal glucose concentration of 2.8 mmol/l, unless otherwise stated. Static incubation was performed with 10 islets per tube at 37°C for 1 h after preincubation with the basal glucose concentration for 20 min (21, 22) . Insulin levels were determined with an insulin RIA kit (BIOTRAK) with rat insulin as the standard (18) . The number of islet cells was measured with a hemacytometer.
RESULTS
Disruption of the IRS-2 gene in mice. IRS-2
-/-mice were generated by homologous recombination (Fig. 1A) . The male chimeras that originated from the TT2 embryonic stem cells with the desired homologous integration transmitted the mutant IRS-2 allele to their offspring. Mice heterozygous for the mutation were viable and bred to generate homozygous mutants. We confirmed homologous recombination by Southern blot analysis (Fig. 1B) . Northern blot analysis by using the 5Ј probe to the StuI site did not detect any expression of IRS-2 mRNA in IRS-2 -/-mice but revealed an ~50% reduction in IRS-2 +/-mice (Fig. 1C) . Western blot analysis using an antibody against the COOH-terminus of IRS-2 confirmed that expression of IRS-2 was completely abrogated in IRS-2 -/-mice (Fig. 1D ). Western blot analysis to detect insulin-stimulated tyrosine phosphorylation of IRS-2 by immunoprecipitation with antibody against the NH 2 -terminus of IRS-2 followed by blotting with anti-PY revealed that IRS-2 was tyrosine phosphorylated in wild-type mice but not in IRS-2 -/-mice (Fig. 1E) . Moreover, when lysates of liver and skeletal muscle from wild-type and IRS-2 -/-mice were immunoprecipitated with anti-PY and blotted with anti-PY, no new tyrosine-phosphorylated protein with the approximate size expected for the NH 2 -terminus fragment in IRS-2 -/-mice was detected (Fig. 1F) . In addition, 
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when lysates from liver were directly immunoprecipitated with antibody against the NH 2 -terminus of IRS-2, no insulinstimulated PI 3-kinase activity associated with IRS-2 was detected in IRS-2 -/-mice (Fig. 1G ).
IRS-2
-/-mice showed insulin resistance and developed type 2 diabetes. Unlike IRS-1 -/-mice (8,9), IRS-2 -/-mice had normal birth size and body weight (data not shown). Figure  2A shows the insulin tolerance of wild-type and IRS-2 -/-mice at 6 weeks. The glucose-lowering effect of insulin was significantly impaired in IRS-2 -/-mice compared with wild-type mice, suggesting that IRS-2 -/-mice showed insulin resistance. We next performed an oral glucose tolerance test at 6, 10, 16, and 20 weeks for each sex of wild-type and IRS-2 -/-mice. At 6 weeks, the blood glucose levels before and after the glucose load were not significantly different between the wild-type and IRS-2 -/-mice ( Fig. 2B and C) . After 10 weeks, however, the blood glucose levels both before and after the glucose load gradually became higher in the IRS-2 -/-mice compared with the wild-type mice (Fig. 2B and C) . The curve of blood glucose levels of IRS-2 -/-mice did not descend with age, whereas that of male wild-type mice did. Plasma insulin levels before and after the glucose load were already higher at 6 weeks in the IRS-2 -/-mice than in the wild-type mice, indicating that the IRS-2 -/-mice were insulin resistant. On the other hand, the female IRS-2 -/-mice maintained minimally impaired glucose tolerance at 20 weeks (Fig. 2B) . At 20 weeks, fasting plasma insulin levels were lower in the female IRS-2 -/-mice than in the male IRS-2 -/-mice ( Fig. 2B and D) . -/-mice (᭹, n = 12 at 6 weeks, n = 10 at 10 weeks, n = 11 at 16 weeks, and n = 12 at 20 weeks). *P < 0.05; **P < 0.01. Insulin-signaling pathways in the liver and skeletal muscle of IRS-2 -/-mice. To investigate the biochemical basis for the observed insulin resistance in IRS-2 -/-mice, we studied insulin-stimulated tyrosine phosphorylation of IRS-1 and IRS-2 by immunoprecipitation with anti-PY antibody in the liver and skeletal muscle of IRS-2 -/-mice compared with wild-type mice. In the liver and skeletal muscle of IRS-2 -/-mice, insulin failed to cause tyrosine phosphorylation of IRS-2 (Fig. 3A) . However, in the liver and skeletal muscle of IRS-2 -/-mice, insulin caused strong tyrosine phosphorylation of IRS-1 to a degree similar to that seen in wild-type mice (Fig. 3A) . In fact, when lysates from liver were directly immunoprecipitated with anti-IRS-1 antibody, IRS-1 was tyrosine phosphorylated to a similar extent in both wild-type mice and IRS-2 -/-mice (Fig. 3A) . We next studied insulin-stimulated association of the p85␣ subunit of PI 3-kinase with insulin-stimulated tyrosine-phosphorylated proteins such as IRS-1 and IRS-2 in wild-type and IRS-2 -/-mice. Consistent with the results of tyrosine phosphorylation of IRS-1 in IRS-2 -/-mice, association of p85␣ with IRS-1 was normal in the liver and skeletal muscle of IRS-2 -/-mice (Fig. 3B) . Insulin-stimulated PI 3-kinase activity associated with insulin-stimulated tyrosine-phosphorylated proteins was significantly reduced in the liver but was normal in the skeletal muscle (Fig. 3C) . However, when lysates from liver were directly immunoprecipitated with anti-IRS-1 antibody, insulin-stimulated PI 3-kinase activity associated with insulin-stimulated IRS-1 proteins was normal (Fig. 3D) . These results suggest that the insulin resistance seen in IRS-2 -/-mice is specific to liver because of loss of PI 3-kinase activity associated with IRS-2. These results are inconsistent with the original report of IRS-2 -/-mice (15), in which it was argued that IRS-2 deficiency in the liver caused a defect of insulin-stimulated tyrosine phosphorylation of IRS-1 in addition to that of IRS-2. Reduced ␤-cell mass in IRS-2 -/-mice. Figure 4 shows the results of quantitative histological analysis of the pancreatic islets and quantitation of ␤-cell mass in wild-type, IRS-1 -/-, and IRS-2 -/-mice. As we previously reported (10), at 6 and 12 weeks, the ␤-cell mass of IRS-1 -/-mice was increased 85 and 95%, respectively, compared with that of wild-type mice. However, at 6 weeks, the ␤-cell mass of the IRS-2 -/-mice was reduced to 83% of that of the wild-type mice. At 12 weeks, the ␤-cell mass of the IRS-2 -/-mice was significantly reduced to 51% of that of the wild-type mice. This reduction was specific to ␤-cells, since the non-␤-cell mass was similar between wildtype and IRS-2 -/-mice (Fig. 4) . Normal insulin content and increased insulin secretion in IRS-2 -/-mice. We determined glucose-induced insulin secretion in IRS-2 -/-mice by static incubation of the same numbers of islets for 1 h. Whereas insulin secretion into the medium by islets from IRS-2 -/-and wild-type mice was similar at 2.8, 5.6, and 11.1 mmol/l glucose, at 22.2 mmol/l glucose, insulin secretion by islets from IRS-2 -/-mice increased slightly but significantly compared with islets from wild-type mice (Fig. 5A) . When glucose-induced insulin secretion was normalized by cell number, secretion by IRS-2 -/-islets was significantly higher at 11.1 and 22.2 mmol/l glucose than by wild-type islets (Fig. 5B ). There was a significant reduction in insulin content per islet from IRS-2 -/-mice compared with islets from wild-type mice (Fig. 5C) . However, when normalized by cell number per islet, the insulin content in both genotypes was equivalent (Fig. 5D) . In contrast, insulin secretion into the medium at high KCl (50 mmol/l) was slightly decreased in IRS-2 -/-mice compared with wild-type mice (Fig. 5E) . When normalized by the cell number per islet, high KCl-induced insulin secretion was equivalent in IRS-2 -/-and wild-type mice (Fig. 5F ). Decreased insulin content and insulin secretion in IRS-1 -/-mice. To investigate the role of IRS-1 in the function of individual ␤-cells, we next determined glucose-induced insulin secretion in IRS-1 -/-mice by static incubation of the same numbers of islets for 1 h. Whereas insulin secretion into the medium by islets from IRS-1 -/-and wild-type mice was similar at 2.8, 5.6, and 11.1 mmol/l glucose, at 22.2 mmol/l glucose, insulin secretion by islets from IRS-1 -/-mice decreased slightly compared with islets from wild-type mice (Fig. 6A) . When glucose-induced insulin secretion was normalized by cell number (although insulin secretion into the medium by islets from both IRS-1 -/-and wild-type mice was similar at 2.8 and 5.6 mmol/l glucose), insulin secretion by islets from IRS-1 -/-mice was slightly decreased at 11.1 mmol/l glucose and significantly decreased at 22.2 mmol/l glucose compared with islets from wild-type mice (Fig. 6B) . Insulin content was slightly but significantly decreased in IRS-1 -/-mice compared with wild-type mice (Fig. 6C) . When normalized by cell number per islet, there was a more significant reduction in insulin content per islet from IRS-1 -/-mice compared with wild-type mice (Fig. 6D) .
IRS-2 KNOCKOUT MICE AND TYPE 2 DIABETES
DISCUSSION
IRS-2
-/-mice were hyperinsulinemic and resistant to the glucose-lowering effect of insulin, strongly suggesting that IRS-2 -/-mice were insulin resistant. However, whereas both IRS-1 -/-and IRS-2 -/-mice were insulin resistant, IRS-1 -/-mice showed only minimally impaired glucose tolerance because hyperplasia of pancreatic ␤-cells compensated for insulin resistance (10) . In marked contrast, IRS-2 -/-mice failed to show compensatory hyperplasia of pancreatic ␤-cells, which appears to be the cause of the development of type 2 diabetes. Thus, a single gene mutation in this animal model was sufficient to induce both the peripheral insulin resistance and the ␤-cell defect seen in typical type 2 diabetes in humans (23) , confirming the original report on IRS-2 -/-mice (15) .
The absence of IRS-2 appears to cause insulin resistance in the liver rather than the skeletal muscle, since insulin-stimulated PI 3-kinase activity associated with tyrosine-phosphorylated proteins was impaired in the liver but normal in the skeletal muscle of IRS-2 -/-mice. These results are inconsistent with the original report of IRS-2 -/-mice (15), in which it is argued that IRS-2 -/-mice have insulin resistance in both liver and skeletal muscle, but are consistent with a more recent report from the same group (24) . In contrast to IRS-2 -/-mice, we and others previously reported that IRS-1 -/-mice showed insulin resistance in the skeletal muscle but not in the liver (13, 14) . Thus, we would like to propose that IRS-1 plays a major role in the skeletal muscle and IRS-2 plays a major role in the liver in the regulation of insulin actions. Our data are consistent with the previous report that IRS-2 is required for insulin action in hepatocytes (25) .
In contrast to the previously reported ␤-cell hyperplasia in IRS-1 -/-mice (10), IRS-2 -/-mice showed failure of compensatory ␤-cell hyperplasia in response to insulin resistance. Thus IRS-2, but not IRS-1, is required for compen- satory ␤-cell hyperplasia in response to insulin resistance. In principle, a reduction in ␤-cell mass can be caused either by reduced ␤-cell differentiation/growth or increased ␤-cell death. White's group (26) has recently shown that IRS-2 deficiency in the islets was associated with increased ␤-cell apoptosis. The molecular basis for the different roles of IRS-1 and IRS-2 in the regulation of ␤-cell mass is presently unknown. It is possible that IRS-2 interacts more efficiently with IGF-1 receptor (26), insulin receptor-related receptor (27) , or unidentified growth factor receptors other than IRS-1. Alternatively, the molecular basis for the different roles of IRS-1 and IRS-2 in the regulation of ␤-cell mass may relate to the levels of expression of IRS-1 and IRS-2 in ␤-cells. In contrast to the defect in compensatory ␤-cell hyperplasia in IRS-2 -/-mice, the function of individual ␤-cells from IRS-2 -/-mice appeared to be supernormal. On the other hand, the function of individual ␤-cells from IRS-1 -/-mice appeared to be impaired despite increased ␤-cell mass. Thus, IRS-1 and IRS-2 may also have different roles in glucose-induced insulin secretion from ␤-cells. This result may not be explained by the levels of expression of IRS-1 and IRS-2 in ␤-cells. As discussed above, it seems possible that IRS-2 interacts more efficiently with the IGF-1 receptor, and IRS-1 interacts more efficiently with the insulin receptor at ␤-cells. Rother et al. (25) have reported that IRS-2 interacts more efficiently with insulin receptors in hepatocytes. The kinetics of interaction between IRS-2 and insulin receptors or IGF-1 receptors may vary with the tissues. In fact, Kahn's group (28) reported that ␤-cell-specific insulin receptor knockout mice showed a defect in glucoseinduced insulin secretion with normal ␤-cell mass, possibly via impaired tyrosine phosphorylation of IRS-1 but not of IRS-2. Moreover, IGF-1 has been reported to suppress glucose-induced insulin secretion from ␤-cells (29) . This suppression of insulin secretion was caused by IGF-1-induced activation of PI 3-kinase and protein kinase B and phosphorylating and activating phosphodiesterase 3B, thereby reducing cAMP levels in the ␤-cells. Thus, it seems possible that defective activation of PI 3-kinase associated with IRS-2 in IRS-2 -/-mice may be involved in supernormal insulin secretion in response to glucose.
A significant difference in the phenotypes of IRS-2 -/-mice between our group and White's group (15) was seen in the severity of diabetes. Our IRS-2 -/-mice had a fasting plasma glucose level of ~120 mg/dl at 10-20 weeks, which is clearly lower than the 350-400 mg/dl level seen at 16 weeks in their IRS-2 -/-mice (15). This difference may reflect the severity of reduction of the ␤-cell mass. In fact, the ␤-cell mass of our IRS-2 -/-mice was reduced to 83% of that of the wild-type mice, and the reduction was milder than the 50% reduction in White's IRS-2 -/-mice at 6 weeks (15). These differences may be due to genetic background (C57Bl/6 ϫ CBA vs. C57Bl/6 ϫ 129/Sv). In this respect, it should also be noted that these quantitative differences in IRS-2 -/-mice may suggest the existence of some major modifier genes, as was previously reported in the IR +/-
IRS-1
+/-mice (30). We have previously shown that type 2 diabetes can be caused by the combination of insulin resistance due to homozygous inactivation of IRS-1 plus insulin deficiency due to heterozygous knockout of glucokinase (10) . Although these double knockout mice developed compensatory hyperplasia of ␤-cells, the heterozygous defect in glucokinase impaired the ability of glucose to elicit insulin secretion. In contrast, IRS-2 -/-mice develop type 2 diabetes because of failure of compensatory ␤-cell hyperplasia in response to insulin resistance, although the function of individual ␤-cells is normal or supernormal.
Thus, there are at least two molecular pathways in the development of type 2 diabetes. The first is failure of compensatory hyperinsulinemia in response to insulin resistance due to impaired ␤-cell function, as seen in heterozygous ␤-cell glucokinase/IRS-1 double knockout mice. The second is failure of compensatory hyperinsulinemia in response to insulin resistance due to impaired ␤-cell hyperplasia, as seen in IRS-2 -/-mice. It is possible that both mechanisms may contribute to the development of human type 2 diabetes. Although a reduction in ␤-cell mass has been described in some patients with type 2 diabetes, it is possible that impaired function of individual ␤-cells may contribute to the pathogenesis of the disease in some patients. 
